Abstract Lake Urmia in northwest Iran, once one of the largest hypersaline lakes in the world, has shrunk by almost 90% in area and 80% in volume during the last four decades. To improve the understanding of regional differences in water availability throughout the region and to refine the existing information on precipitation variability, this study investigated the spatial pattern of precipitation for the Lake Urmia basin. Daily rainfall time series from 122 precipitation stations with different record lengths were used to extract 15 statistical descriptors comprising 25th percentile, 75th percentile, and coefficient of variation for annual and seasonal total precipitation. Principal component analysis in association with cluster analysis identified three main homogeneous precipitation groups in the lake basin. The first sub-region (group 1) includes stations located in the center and southeast; the second sub-region (group 2) covers mostly northern and northeastern part of the basin, and the third sub-region (group 3) covers the western and southern edges of the basin. Results of principal component (PC) and clustering analyses showed that seasonal precipitation variation is the most important feature controlling the spatial pattern of precipitation in the lake basin. The 25th and 75th percentiles of winter and autumn are the most important variables controlling the spatial pattern of the first rotated principal component explaining about 32% of the total variance. Summer and spring precipitation variations are the most important variables in the second and third rotated principal components, respectively. Seasonal variation in precipitation amount and seasonality are explained by topography and influenced by the lake and westerly winds that are related to the strength of the North Atlantic Oscillation. Despite using incomplete time series with different lengths, the identified sub-regions are physically meaningful.
Introduction
Lake Urmia, once one of the largest hypersaline lakes in the world, is located in northwest Iran, between the East and West Azerbaijan Provinces. The shallow lake and its satellite islands are protected by the Ramsar Convention on Wetlands of International Importance and comprise a UNESCO Biosphere Reserve. This terminal lake with a maximum surface area of 6100 km 2 and maximum depth of 16 m (Delju et al. 2013 ) has shrunk dramatically since 1995 (Sima et al. 2013; Jalili et al. 2016) , and it now holds less than 20% of its previous water volume and 12% of its original area (AghaKouchak et al. 2015) .
Due to the socioecological importance of the Lake Urmia in the region, a great amount of research has dealt with Lake Urmia shrinkage addressing different aspects of it such as biodiversity, climate, hydrology and water resources, and environmental management (Abatzopoulos et al. 2006; Zarghami 2011; Babavalian et al. 2014; Alipour and Olya 2015; Hamzekhani et al. 2016) . Climate change and variability, recognized as drivers of the lake's desiccation, have been the focus of many studies over the past decades. These studies, covering various time periods, have emphasized trends and temporal variabilities in precipitation and temperature. Precipitation trend analyses detected a declining temporal trend for annual total precipitation (Delju et al. 2013; Fathian et al. 2014) and an insignificant gradually decreasing trend in wet season precipitation (Tabari and Hosseinzadeh Talaee 2011; Delju et al. 2013) . Studies dealing with temperature have found a significant warming trend for both seasonal and annual timescales in the region (Delju et al. 2013; Zohrabi et al. 2014) . Spatial patterns and regionalization of precipitation have been, however, understudied in the Lake Urmia basin, despite the usefulness of delineation of homogeneous rainfall regions in water resource planning and management.
A variety of techniques have been used to identify spatial patterns and homogeneous precipitation regions, including correlation analysis, principal component analysis (PCA), spectral analysis, and cluster analysis (Saikranthi et al. 2013) . PCA in association with cluster analysis is the most commonly used method in delineating spatial pattern and homogenous rainfall regions (Dinpashoh et al. 2004; Raziei et al. 2008; Modarres and Sarhadi 2011; Gocic and Trajkovic 2014) . Some studies investigating precipitation characteristics at larger scales (i.e., Iran and western Iran) have identified northwest Iran as a distinct region with a different precipitation pattern from the rest of the country (Soltani et al. 2007; Modarres and Sarhadi 2011; Darand and Daneshvar 2014) . Nevertheless, information on spatial characteristics of seasonal and annual precipitation in the Lake Urmia basin is not readily available despite its critical role in the lake restoration and management efforts.
Most previous studies dealing with precipitation and its characteristics in the Lake Urmia basin have used a limited number of stations (Delju et al. 2013; Fathian et al. 2014; Vaheddoost and Aksoy 2016) . While a number of precipitation stations are available (more than 200 stations), the series are incomplete and have different time spans. To avoid loss of information by disregarding short or highly incomplete time series, objectives of this study are (1) to analyze the spatial pattern of precipitation characteristics in the Lake Urmia basin using all available precipitation data to avoid information loss, (2) to identify spatial distribution of annual and seasonal precipitation in the basin, (3) to determine the effects of topography and orography on temporal and spatial distribution of precipitation, and (4) to regionalize precipitation in the lake basin by using principal component and clustering analysis. The results will provide information for improving water resource management practices in the lake basin and increasing the effectiveness of the restoration plans.
Materials and methods

Study area and local climate
Lake Urmia plays an important socioecological role in the region (Khatami Mashhadi 2013). Over 6.5 million people live in the lake basin where the main sources of income are agriculture and industry. The lake's continuing decline threatens local hydrology and ecology and thus the entire socioeconomy of the region. During recent years, the lake shrinking has been intensified by rapid agricultural development and related water and land use changes (Zarghami 2011; Hassanzadeh et al. 2012; Jalili et al. 2012; UNEP, GEAS 2012; Madani 2014; Haghighi and Kløve 2015; Madani et al. 2016) . During recent dry periods in the lake basin, a rapid decrease in water level has been observed (Fathian et al. 2014) . The lake bottom's salt exposure is expected to result in wind-blown salts, leading to soil degradation (Fathian et al. 2014 ) and possibly to salt storms with major health risk implications.
Lake Urmia basin (coordinates 35°40′-38°30′ N; 44°07′-47°53′ E) covers 3.2% of the area of Iran, corresponding to about 52,000 km 2 (Fig. 1) . The lake body and the neighboring plains (altitude 1280-2000 m amsl) encompass about 35% of the total basin area surrounded by mountainous terrain, with mountain peaks to the west, south, and east of the lake reaching the maximum elevation of 3608, 3332, and 3850 m amsl, respectively (Jalili et al. 2012) . Northwest Iran, like most of the country, is classified as arid to semi-arid (Ghasemi and Khalili 2008) . Climate in the lake basin is mainly continental and characterized by cold winters and dry, temperate summers (Stevens et al. 2012) . Mean annual precipitation in the basin is about 357 mm. The mountainous terrain occupying much of the region is covered by snow during the winter receiving an annual total precipitation of about 380 mm, while the lake and its adjacent plains receive 316 mm. The Zagros Mountains to the south-southwest and the Ararat Mountains in the far north of the basin have effects on the climate, but their orographic influence is minor compared with other rainfall-generating mechanisms (Raziei et al. 2008) . Mean annual temperature throughout the basin is about 11°C, ranging from 6.5°C in high latitudes to 13.5°C at lower latitudes. The lake moderates extreme temperatures and humidity in the region (Delju et al. 2013) . The warmest and coldest months are July and January, respectively. The wet and humid season lasts from November to April/May, and the summer season, with rare precipitation, is from May to October (UNEP, GEAS 2012). The annual potential evaporation in the area varies from 1050 mm in the northeast to 1550 mm in the southwest (OWWMP 2011).
Data availability
A set of 122 daily precipitation stations, operated by the Iran Water Resources Management Company, were used in this study (Fig. 1) . Observations in this quite dense network are characterized by time series of different length and frequent missing data. The availability of data and length of observation for each station are illustrated in Fig. 2 . From the initial database, stations with at least a 30-year time span and less than 30% missing data were selected resulting in a sub-set of 50 stations. These are located within 3-290-km distance from each other and were used for the analysis of spatial structure of precipitation.
The spatial structure of precipitation was first determined by spatial correlation analysis. This was done by calculating the Spearman rank correlation between pairwise combinations of rainfall stations. The correlation coefficients plotted against distance between stations give a general picture about the spatially varying rainfall fields and heterogeneity or homogeneity of the precipitation in the region (see, e.g., Berndtsson 1987; Berndtsson and Niemczynowicz 1988) . This analysis was done for daily, monthly, and annual total precipitation. Simultaneous zero values at both stations were eliminated from the calculations in order to reduce spurious correlation.
If only stations of equal time span and less than 10% missing data were to be selected for statistical analysis as suggested by Subramanya (1994) , very few stations would have been selected, resulting in the loss of the representativeness of the selected stations. To avoid information loss by choosing a shortened time window and limited number of stations, a methodology that substitutes the time series by its statistics was used (see, e.g., Bharath and Srinivas 2015; Darand and Daneshvar 2014; Gocic and Trajkovic 2014; Martins et al. 2012; Ramos 2001; Raziei et al. 2008; Winkler 2015) . As a result, a new dataset comprising 122 stations was created and used for regionalization analysis and identification of precipitation patterns through principal component and cluster analysis.
The effect of atmospheric circulation over the lake basin precipitation was investigated by correlating the North Atlantic Oscillation (NAO) index with winter time total precipitation. Monthly values of the NAO index were taken from the Climate Research Unit, University of East Anglia (http://www.cru.uea.ac.uk/cru/data/nao/).
Statistical analysis
Statistical analysis to identify the spatial pattern of precipitation in the region included PCA to reduce dimensionality of data and cluster analysis to classify sub- regions with similar precipitation characteristics. A total of 15 statistical descriptors for seasonal and annual total precipitation variation (25th percentile, 75th percentile, and coefficient of variation for annual and seasonal total precipitation) were calculated for each of the 122 selected time series. As input to the PCA, each time series is represented by its collection of 15 statistics and no longer by the observed data. The calculated statistics are listed in the first column of Table 1 .
Prior to analysis, the adequacy of the created dataset to the PCA was evaluated using the Kaiser-Meyer-Olkin (KMO) test (Kaiser 1970) . The KMO test value (Eq. 1) ranges from 0 to 1. Values greater than 0.5 and closer to 1 indicate that the selected dataset is suitable for structural analysis.
where r is the correlation matrix and u is the partial covariance matrix.
Principal component and cluster analysis
PCA was used to identify spatial properties of precipitation statistics and homogeneous rainfall regions in the Lake Urmia basin. PCA, a proven method for climatological regionalization, can be applied in six different modes based on the type and method of organizing the input data matrix (Richman 1986; Dinpashoh et al. 2004) . The R mode (data matrix with rows for the stations and columns for the 15 statistics), used in this study, aims to reduce the complexity of the variables (Martins et al. 2012; Gocic and Trajkovic 2014) and delineate the relationship between selected variables (Raziei et al. 2008) . Using the R mode PCA, the selected 15 statistical descriptors were classified into groups with similar spatial distribution. The number of principal components (PCs) to be retained for further analysis was decided based on the scree plot and a simple rule of thumb. The varimax orthogonal method was chosen to rotate the PCA-computed variables and search for spatial homogeneous clusters. With varimax rotation, the value of large loadings increases and the value of small loadings decreases (Soulé 1990; Dinpashoh et al. 2004; Raziei et al. 2008; Gocic and Trajkovic 2014) .
To delineate different precipitation patterns and identify homogeneous groups in our dataset, the PCA results were subjected to cluster analysis. Cluster analysis is a useful technique to define similarity between groups and to classify them into clusters. All cluster analysis methods are based on minimizing the variance within the clusters. In this study, an agglomerative hierarchical cluster analysis based on Ward's method, the most common method in climate regionalization (Uvo 2003; Gocic and Trajkovic 2014; Sarhadi and Heydarizadeh 2014) , was used to optimally find similar groups of stations in the Lake Urmia basin. The hierarchical clustering method is based on the distance matrix (Darand and Daneshvar 2014) . To measure the similarity of stations (distances), we used the Euclidean distance method (Eq. 2).
Here, x ik denotes the kth calculated statistic for station i and x jk is the kth calculated statistic for station j. In all, m (=15) Fig. 2 Availability of data for all stations and length of the recorded data statistics are calculated for each station, and d ij is the Euclidean distance between the two stations (Davis and Sampson 1986) . Although, cluster analysis is a commonly used method, it sometimes needs subjective adjustments to find the most reasonable classification (Modarres and Sarhadi 2011). 3 Results and discussion 3.1 Rainfall characterization through statistical and principal component analysis Correlation with distance for annual, monthly, and daily time series for the 50 selected stations showed a clear spatial structure at all timescales (Fig. 3) . In general, the spatial correlation increases as the timescale increases (daily to monthly to annual; Berndtsson 1987 ). There was a notable scatter in the data for Lake Urmia basin, especially at the annual timescale, indicating a markedly different spatial variation in annual precipitation at various locations in the basin. Some of this scatter is evened out at the monthly timescale. There was marked small-scale variation at small distances, with even neighboring stations displaying a correlation of 0.5-0.6, significant at a 90% confidence level (Fig. 3c) , which indicates spatially variable precipitation in the region. Differences between stations at small distances (<50 km) from each other can be attributed to random behavior of precipitation, together with errors and uncertainties in measurements (Bacchi and Kottegoda 1995) . The structure of pairwise correlation plots suggests that the Lake Urmia basin is not a homogeneous region as regards precipitation. Further analysis on precipitation with PCA and clustering can explain the heterogeneity and identify homogeneous sub-regions.
The KMO value was found to be 0.73, indicating that the selected variable set is suitable for structural analysis. The 15 statistical descriptor set, comprising 25th percentile, 75th percentile, and coefficient of variation for annual and seasonal total precipitation, was subjected to PCA. The orthogonal varimax rotation of the first six PCs was used to improve the significance of influential variables and loads. The first six components after varimax rotation explained 32, 17, 16, 12, 8, and 7% (Table 1) of total variance. Based on the scree plot of eigenvalues (Fig. 4a) , the first six PCs explaining 92% of total variance were retained for further analysis.
The first rotated PC had high negative loadings for the 25th and 75th percentiles of annual, autumn, and winter total precipitation (Fig. 4b) , indicating that precipitation variability is an important variable describing the spatial pattern of precipitation in the Lake Urmia basin (Fig. 5, RPC1 ). High negative scores for the rotated first component cover the western and southern edges of the region, while positive values cover the northern and northeastern parts. The spatial distribution of the first component scores is similar to the spatial distribution of winter and autumn 75th and 25th precipitation percentiles (Fig. 6, 75 winter and 25 autumn) . The western and southern parts of the region receive higher amounts of precipitation during the cold season. Wet season precipitation in the whole region arises mostly because of westerly winds bearing moisture from the Mediterranean Sea (Dinpashoh et al. 2004) . Topography controls part of the precipitation distribution in the region. Precipitation generally decreases from west to east. The mountainous terrain in the west and south causes precipitation fronts to deposit most of their moisture. Thus, they move to the eastern part of the basin carrying less moisture. The second PC explaining 17% of total variance is highly related with summer's total precipitation and 25th and 75th percentiles of summer precipitation (Fig. 4b) implying that summer precipitation is the second most important variable in the generation of heterogeneous regions in the Lake Urmia basin. The high negative values of the second component scores cover the north and northeast (Fig. 5, RPC2 ). The spatial pattern of this component is consistent with the spatial distribution of summer precipitation's 25th and 75th percentiles (Fig. 6, 25 summer and 75 summer) . The region is characterized with more precipitation in summer due to the convective mechanism, local circulation, and lake effects. The high positive loading for the third PC distributed in western edges of the lake basin explains the importance of spring precipitation variability in the precipitation pattern of the region (Fig. 5, RPC3 ).
Annual and spring's total precipitation are the influential variables for the fourth component explaining 12% of total variance. The spatial distribution of this component illustrates a smaller variation throughout the region (Fig. 5, RPC4) . The pattern suggests that spring and annual total precipitation have less effect on the spatial variation of the precipitation in the region. Contribution of the autumn precipitation in the region's precipitation pattern is defined by the fifth component explaining 8% of total variance (Fig. 5, RCP5 ). Winter's total precipitation variation having high positive values in south and southwest of the region is explained by the sixth component covering 7% of the total variance (Fig. 5, RCP6) . Thus, the spatial pattern of the computed scores explains the importance of the contribution of seasonal precipitation variability in the spatial variation of precipitation regime.
Delineation of homogeneous rainfall groups and corresponding precipitation characteristics
Considering the total variance explained by PCA components (92%), the first six rotated PCs were subjected to cluster analysis, and the spatial distribution of rotated PCs is shown in Fig. 5 . The hierarchical cluster analysis identified three spatially homogeneous groups (group 1, group 2, and group 3) for the Lake Urmia basin (Fig. 7) . Identified groups differ in precipitation characteristics and effects of physiography, land use, and climate throughout the region.
A general observation for all three groups is that most of the annual total precipitation falls during the wet seasons, autumn, winter, and spring (Fig. 8) . The entire region receives the highest amount of precipitation in spring followed by winter and autumn.
Winter and autumn precipitation follows the Mediterranean pattern, linked to the NAO and westerly winds (Darand and Daneshvar 2014) . The winter NAO influences the mean midlatitude storm track and brings rainfall to the Mediterranean region (López-Moreno et al. 2010; Mourato et al. 2010; Kelley et al. 2012 ). There is a significant negative correlation between wintertime NAO index and the winter precipitation anomaly ( Fig. 9 ; correlation coefficient of −0.3 at 90% confidence level), confirming findings by Ghasemi and Khalili (2008) who investigated the effect of atmospheric circulation patterns on winter precipitation over Iran. Moist air from the Black Sea and Atlantic Ocean also make minor contributions to rainfall in the Lake Urmia basin (Alijani and Harman 1985; Khatami Mashhadi 2013) . The topography and local relief of the basin influence precipitation-generating mechanisms and Fig. 3 Spatial correlation between the 50 selected rainfall stations at a annual, b monthly, and c daily timescale. Correlation above 0.3 is significant at 90% confidence level contribute to the precipitation distribution in the lake basin (Zeinoddini et al. 2014) . Different land use types throughout the region, however, affect the spatial variation of precipitation by changes in the heat and moisture fluxes (Pielke et al. 2007) .
Group 1 includes 77 stations mostly located in central parts of the basin and extending from northwest to southeast following the north-south-oriented mountainous terrain (Fig. 7) . Annual total precipitation in this group varies from 187 to 469 mm with an average of 335 mm. The proportion of spring, winter, autumn, and summer precipitation in annual total precipitation is 38, 31, 27, and 3%, respectively (Fig. 8) . Local precipitation is controlled by mid-altitude topography and lake effects. Moist air by westerly winds decreases after crossing high western mountains in the western part of the region and causes less precipitation during winter in the central parts compared to the western and southern areas of the region. In spring, when the westerly winds weaken, the temperature in the region rises, the days get longer, and the heating of the ground gives rise to moisture in the region. Intensively irrigated agricultural lands in the region contribute to convective rainfall generation systems through changes in surface albedo and moisture amount in the air (Pielke et al. 2007 ). Convective and frontal thunderstorms, along with the weakened effect of the westerlies, result in considerable amounts of precipitation in spring for central parts.
Stations within group 2 cover the northern and northeastern parts of the Lake Urmia basin (Fig. 7) . Seasonal total precipitation in this group contributes to annual total precipitation by 45, 22, 23, and 8% for spring, winter, autumn, and summer, respectively (Fig. 8) . The westerly winds have minor effect on wintertime precipitation in this part of the region in contrast to the western and (Alijani and Harman 1985; Jackson and Lockhart 1986) . Cold, dry Siberian fronts crossing the Caspian Sea sometimes penetrate into the northeast parts of the region during the winter and have a negative effect on winter precipitation amounts (Alijani and Harman 1985) . The most distinguished characteristic observed for group 2 is summer precipitation. Summer is generally a dry season throughout Iran. But Lake Urmia basin receives a small amount of precipitation during summer. The 75th percentile of summer precipitation, a criterion in planning agricultural water demands during the growing season, has its highest values in northern and northeastern parts of the region ranging from 5 to 81 mm. The summer precipitation pattern has previously been attributed to lake evaporation and the formation of low-level clouds producing short-duration rainfall (Delju et al. 2013) . The other distinct feature in this group is the contribution of spring precipitation to annual total precipitation. The amount is higher than the other two groups. This can be described by the influence of local and atmospheric circulation. The area in general receives less amount of precipitation (319 mm average annual total precipitation) as compared to the southern and central parts of the region due to the deposited westerly winds, topography, and land use. Eastern and northeastern parts of the lake have less agricultural and more industrialized lands in comparison to the central and western parts (OWWMP 2010) . The land use type and pollutants affect the water cycle in the area and cause reduction in precipitation amounts (Huntington 2006) .
Group 3 consists of stations in the western and southern edges of the basin located on mountain lee sides (Fig. 7) . Spring, winter, autumn, and summer precipitation contribute to the total annual precipitation by 31, 39, 26, and 2%, respectively (Fig. 8) . The average annual total precipitation in this region is about 515 mm and much larger than the regional average (364 mm). The high mountains to the west prevent moisture-bearing air masses from moving across the region to central and eastern parts of the basin that consequently receives less precipitation than the regional average. Westerly winds, which are stronger during the winter, control precipitation distribution in southern and western edges. Summer precipitation in this sub-region has the least amount compared to the rest of the lake basin influenced by the distance from the lake.
The orientation of the identified clusters illustrates that precipitation pattern is largely controlled by orography and varies regionally with distance from the lake. The high mountains to the west prevent moisture-bearing air masses from moving across the region to central and eastern parts of the basin, including large parts of East Azerbaijan Province, which consequently receive less precipitation than the regional average. Rainfall amount increases with increasing distance from the lake shoreline in all directions.
Conclusions
The spatial pattern of precipitation and its controlling factors in the Lake Urmia basin were studied using PCA in association with cluster analysis. A dataset comprising 15 statistical descriptors for seasonal and annual total precipitation variation in 122 stations was forced into R-mode PCA. The analysis of all available precipitation data for the Lake Urmia basin shows that the lake basin is a heterogeneous region as regards to precipitation. The analysis led to delineation of three homogeneous precipitation areas throughout the region. Seasonal precipitation variability (25th and 75th percentile variation of seasonal total precipitation) produces differences between clusters and characterizes the observed spatial patterns of precipitation. The 25th and 75th percentiles of annual, autumn, and winter total precipitation are the most significant contributing variables contributing in the first rotated PC, which explains about 32% of the total variance. The second rotated PC is mainly explained by variations in summer precipitation, and 25th and 75th percentile variation of spring's total precipitation controls the variance in the third rotated PC.
The identified clusters showed that the precipitation pattern mostly follows the orography of the region. The high mountains to the west prevent moisture-bearing air masses from moving across the region to central and eastern parts of the basin. The west of the basin is the wettest sub-region, receiving the highest amount of precipitation during winter. Winter precipitation contribution to annual total precipitation decreases moving eastward in the Lake Urmia basin, and spring rainfall-generating system becomes more effective in central and eastern sub-regions. Atmospheric and local circulation, agricultural and industrial land uses, and lake effect in rainfall generation have partial impact on the spatial distribution of precipitation in the region. Rainfall amount increases with Fig. 9 Winter precipitation anomaly and wintertime NAO increasing distance from the lake shoreline in all directions. Precipitation in the north and northeast parts of the basin is mostly affected by local circulation and orography. The amount of precipitation the eastern part receives during the summer is higher than the rest of the lake basin.
The study findings on precipitation distribution and its spatial variability within the Lake Urmia basin are important and useful for accurate characterization of the basin's hydrology and for better water and agricultural planning in the region.
